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Abstract: We achieved human retinal imaging using visible-light optical 
coherence tomography (vis-OCT) guided by an integrated scanning laser 
ophthalmoscopy (SLO). We adapted a spectral domain OCT configuration 
and used a supercontinuum laser as the illumating source. The center 
wavelength was 564 nm and the bandwidth was 115 nm, which provided a 
0.97 µm axial resolution measured in air. We characterized the sensitivity 
to be 86 dB with 226 µW incidence power on the pupil. We also integrated 
an SLO that shared the same optical path of the vis-OCT sample arm for 
alignment purposes. We demonstrated the retinal imaging from both 
systems centered at the fovea and optic nerve head with 20° × 20° and 10° 
× 10° field of view. We observed similar anatomical structures in vis-OCT 
and NIR-OCT. The contrast appeared different from vis-OCT to NIR-OCT, 
including slightly weaker signal from intra-retinal layers, and increased 
visibility and contrast of anatomical layers in the outer retina. 

©2015 Optical Society of America 
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1. Introduction 

Optical coherence tomography (OCT) is a three-dimensional imaging technique that offers 
micrometer-level resolution and millimeter-level penetration [1, 2]. Over the past two 
decades, OCT has been applied to various biological research studies and clinical practices, 
including dermatology, cardiology, urology, dentistry, oncology, pulmolory, and most 
successfully, ophthalmology [3]. The clear ocular medium allows direct optical access to the 
posterior segment of the eye and enables OCT to image anatomical structures in explicit 
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detail. Functional OCT imaging of retinal blood flow [4–7] and label-free retinal 
microangiography [8–10] also have been developed to supplement the structural information. 

To date, all the reported human retinal OCT systems have used invisible light sources 
centered above 800 nm. Within these near-infrared (NIR) spectral ranges, the reduced optical 
absorption of water, melanin, and blood allows for excellent penetration depth through the 
entire choroidal layer. Spectral domain or Fourier domain OCT (SD-OCT or FD-OCT) 
systems with ~840-nm center wavelength remains prevalent in clinical settings, partly due to 
their relatively simple implementation, low cost, and other historical reasons. Swept-source 
OCT (SS-OCT) centered at ~1,000 nm is also an emerging ophthalmic OCT configuration, 
first demonstrated in 2006 by Lee et al [11]. SS-OCT offers deeper penetration down to the 
sclera [12, 13]. In addition, the A-line rate can be dramatically increased up to more than 1 
MHz [14–17]. 

Compared with the current NIR light OCTs, the use of visible-light OCT (vis-OCT) could 
offer several advantages. First, given the same bandwidth coverage, vis-OCT provides better 
axial resolution due to the shorter center wavelength. Second, vis-OCT has a stronger back-
scattered signal under the same irradiance, as the optical-scattering cross-section in biological 
tissue is often inversely correlated with the wavelength [18]. Third, because the illumination 
wavelengths are within the sensing spectrum of the retina, there may be a more direct 
relationship between the structure and the function of the retina, particularly with 
photoreceptors. For example, the light-sensing pigment rhodopsin converts light into electric 
signals. This process also could change the back-scattered signals and may reflect, for 
example, local rhodopsin concentration variation. Lastly, the optical absorption of the two 
forms of hemoglobins in the visible light spectral range offers excellent contrast to quantify 
hemoglobin oxygen saturation (sO2) through depth-resolved spectroscopic analysis in OCT 
[19–22]. Furthermore, combined with retinal blood flow measurements, vis-OCT can 
accurately measure the oxygen metabolism of the entire retinal circulation [23]. 

Here, we present human retinal imaging by vis-OCT guided by scanning laser 
ophthalmoscopy (SLO). The system is improved and translated from our previously reported 
rodent vis-OCT system [23]. A supercontinuum light source provides visible light 
illumination centered at 564 nm. The system sensitivity was measured to be ~86 dB with 226 
µW incident power on the pupil plane. The SLO subsystem was integrated with the vis-OCT 
to align the focus and navigate the vis-OCT. We demonstrate human retinal imaging around 
the macular region and optic nerve head (ONH) using both imaging modalities. 

2. Methods and materials 

2.1 Human vis-OCT system setup 

Our vis-OCT adapted the SD-OCT configuration. We integrated the vis-OCT system with an 
SLO subsystem for better guidance. The two subsystems share the same light source but have 
separate detection schemes, as shown in Fig. 1(a). 
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Fig. 1. (a) Schematic of the vis-OCT system for humans; (b) photograph of the system. SC: 
Supercontinuum laser source; SF: Single-mode fiber; SM: Spectrometer; Ref: Reference arm; 
FM: Motorized flip mirror; MS: Motorized beam stop; GM: Galvometer mirror; MF: 
Multimode fiber; APD: Avalanche photodiode; MR: Mirror; ND: Neutral density filter. In (a), 
the ND and MR were placed at the position of eye ball to characterize the system performance. 
In (b), a blue arrow points to the three-dimensional translational chin rest for adjusting eye 
position; a yellow arrow points to the stational optics board. 

We used a supercontinuum laser (SuperK, NKT Photonics) as the vis-OCT light source. 
The wavelength range from 496 nm to 632 nm was selected by two edge filters (Semrock). 
The filtered light was coupled into a single-mode fiber (P3-460B-FC, Thorlabs), collimated, 
and delivered to a free-space Michaelson interferometer. A 70/30 beam splitter (BS019, 
Thorlabs) distributed 30% of the incoming energy to the sample arm and the remaining 
energy to the reference arm. In the sample arm, a pair of galvanometer mirrors (Nutfield 
Technology) raster-scanned the beam across a user-defined acquisition angle. The scanning 
pattern was projected onto the retina via a telecentric Keplerian telescope (0.5 × 
magnification), the ocular piece of which had an empirically chosen focal length of 35 mm. 
The ocular piece was mounted on a translational stage to adjust the focus on the retina. In the 
reference arm, we used a set of carefully chosen glass plates to compensate for the dispersion 
in the sample arm. A continuously adjustable reflective ND filter (NDC-50C-2M, Thorlabs) 
attenuated the beam intensity to enhance the dynamic range of the interference signal. 

When the system was operated in the vis-OCT mode, the reflected beams from the sample 
and reference arms were recombined at the beam splitter, recoupled into a single-mode fiber, 
and delivered to a homemade spectrometer. The spectrometer consisted of an 1800-lpmm 
transmission grating (Wasatch Photonics) set at Littrow’s angle optimized for a center 
wavelength of 564 nm. A line scan camera (spL2048-140km, Basler) digitized the dispersed 
spectrum at a speed of 25 kHz. The exposure time was 37 µs, allowing 3 µs for data readout. 
To ensure all the pixels are utilized, the spectrometer covered the spectral range from 506 nm 
to 621 nm, which is slightly narrower than the range after the laser passing through two edge 
pass filters from 496 nm to 632 nm. 

When the system was operated in the SLO mode, a 50/50 beam splitter (FM in Fig. 1(a)) 
was flipped in the optical path of the sample arm. An achromatic lens focused the reflected 
sample beam onto the core of a multimode fiber (50 µm core size, M16L01, Thorlabs). An 
avalanche photodetector (APD110A2, Thorlabs) detected the output light. The converted 
voltage signal from the APD was digitized by a multifunction acquisition card (PCI-6251, 
National Instruments) at 100 kHz sampling rate. 

The entire optical system was mounted on a stationary optical breadboard. We used a chin 
rest mounted on a three-dimensional translation stage to position the eye, as shown in Fig. 
1(b). We composed a LabVIEW (National Instruments) program for synchronization and data 
acquisition. Before and immediately after the acquisition, we programmed an electronic beam 
shutter to automatically block the light to avoid unnecessary exposure. As another protection 
mechanism, we parked the galvanometer mirrors at an angle so that the sample beam was 
reflected to a dumper after each imaging session. 
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2.2 Imaging acquisition 

All the experimental procedures were approved by the Northwestern University Institutional 
Review Board and adhered to the tenets of the Declaration of Helsinki. Informed consent was 
obtained prior to imaging. 

After a human subject placed his/her head securely and comfortably on the chin rest, we 
adjusted the head position so that the anterior surface of the eye was roughly at the focal 
plane of the ocular lens of the vis-OCT/SLO system. We took SLO fundus images first, as it 
is inherently faster and more suitable for alignment purposes. When operated in alignment 
mode, the SLO system generated fundus images at a pixel density of 256 × 64 and at a speed 
of 6 frames per second (fps). The real-time feedback allowed us to rapidly identify the region 
of interest (ROI) and optimize the axial focusing. After we identified the ROI and achieved 
satisfactory image quality, a high-density 512 × 512 SLO image was acquired, which took 
about 2.6 seconds. Both vis-OCT and SLO covered 10° or 20° field of view. 

Once the SLO was aligned, we considered the vis-OCT to also be well aligned, since both 
systems shared the same illumination and optical path. After switching the system to vis-OCT 
mode, we scanned the same ROI and manually adjusted the position of the reference mirror. 
During axial alignment, low-density vis-OCT images (128 × 32 A-lines) were acquired and 
processed at 6 volumes per second (vps) continuously. Once the desired imaging quality was 
achieved, we recorded vis-OCT images at a higher density. Multiple scanning protocols were 
adopted. For general structural images, a 256 × 256 vis-OCT image stack took 2.6 seconds. 
When higher scanning density is required, a maximum of 262,144 A-lines can be achieved, 
which takes about 10.4 seconds. The maximum limit was set to avoid prolong imaging time 
which may cause eye discomfort or difficulty of fixation. The raster-scanning matrix could be 
arranged in the form of 512 × 512, 2048 × 128 or, 4096 × 64, depending on the imaging 
requirement. 

2.3 Data processing 

We used MATLAB to process the acquired raw data. For the SLO signal, the recorded 
reflectance sequence was reshaped into an appropriate matrix to generate en face images. We 
performed histogram equalization to enhance the image contrast. 

For vis-OCT, we followed conventional reconstruction algorithms in SD-OCT [24]. 
Briefly, we first estimated the background spectrum by averaging all A-line spectra in the 
same OCT image stack. The estimated background spectrum was subtracted from each A-line 
spectrum, and the resultant spectrum was further normalized by the background spectrum. For 
each individual A-line, we linearly resampled the normalized spectrum into equal wave 
number intervals (k-space). Finally, we performed Fourier transform on the interference 
signals and took the absolute values to generate cross-sectional and 3D anatomical images. 
We performed logarithm operations to enhance the dynamic range of the displayed images. 

The axial eyeball motion was corrected after reconstructing the anatomical OCT images. 
We interpolated the images depth-wise by two folds, allowing correction of sub-pixel-size 
shifts. A cross-correlation was then performed along the z-direction between two adjacent B-
scans. The peak locations of the calculated cross-correlation function was used to calculate 
the relative shifts. Then, each B-scan was shifted back to form registered images. 

2.4 Human volunteers 

All volunteers were informed about the inherent risks, had consented to the procedures prior 
to the imaging, and signed informed consent. Only one eye was imaged from each volunteer. 
When a large field of view (FOV) was required, we dilated the volunteer’s pupil using 1% 
Tropicamide ophthalmic solution (Akorn), 30 minutes before imaging. For each volunteer, 
the whole procedure consisted of three to four sessions; each session included SLO and/or 
OCT imaging, as described above. The total time of a session was limited to five minutes, 
even if the images were not satisfactory. Volunteers were allowed to freely blink. Between 
two sessions, volunteers were allowed to rest for at least five minutes to recover. 
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After finishing all the imaging sessions, we asked the volunteers to rate the comfort of the 
procedure, and we monitored the subjects until their vision returned to normal, which usually 
took around five minutes or less. All the volunteers were evaluated using standard clinical 
retinal NIR-OCT and fundus auto-fluorescence (488nm and 787nm) imaging, and showed no 
sign of retinal damage. 

We calculated the ANSI maximum permissible exposure (MPE) limit according to Eqs. 
(17-20) in [30] by Delori et al. These equations were originally laid out for SLO; since OCT 
has a similar scanning scheme, the equations should also apply to OCT. The current A-line 
rate is 25 kHz. To be most conservative, we chose the smallest FOV (10° square) and the 
highest scanning density (512 × 512) in our scanning protocols for the laser safety evaluation. 
The lowest MPE was calculated to be 3.6 mW for continuous exposure for two hours under 
CW limit (i.e., a CW beam uniformly distributed over the entire field). Our illumination 
power on pupil was 226 µW, which is more than ten times weaker than the MPE. 

3. Results 

3.1 System characterization 

 

Fig. 2. System characterization. (a) Normalized spectrum measured by the spectrometer; (b) 
The relative standard deviation over 1,000 spectra acquired subsequently; (c) Measurements of 
axial resolution, system sensitivity, and sensitivity roll off. 

First we characterized the performance of our vis-OCT system. Figure 2(a) shows the 
normalized light source spectrum captured by our homemade spectrometer. The spectrum 
covers 115 nm bandwidth centered at 564 nm. Figure 2(b) shows the wavelength-dependent 
stability of the light source, which was characterized by relative standard deviation (RSD) 
over 1,000 subsequent collections with 37 µs exposure time. The RSD stayed within 3% for 
the central part of the spectrum. The power fluctuation from the supercontinuum laser 
produced a noise floor about 7-10 dB. Figure 2(c) illustrates the sensitivity of the system with 
respect to imaging depth. A silver mirror was placed behind the telescope to generate a 
sample signal by specular reflection. An ND filter (OD = 2.0) was placed in the optical path 
of the sample arm to introduce 40 dB attenuation. The illumination power on the mirror was 
measured to be 226 µW (1918-R, Newport) and 2.2 µW before and after placing the ND 
filter. The beam diameter was ~2 mm on the cornea. As shown in Fig. 2(c), the signal power 
is above 50 dB with a background noise floor of 7 dB. Because we usually place the image 
within 0.5 mm, the system sensitivity is estimated to be 86 dB. A roll-off effect is 
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characterized to be 12 dB/mm, because the spatial dimension of the pixel element in the 
spectrometer introduces an averaging effect that smoothes out the high-frequency 
intereference. We also characterized the system axial resolution by the full-width-half-
maximum value (−6 dB reduction from 52 dB to 46 dB) from the image of a silver mirror as 
the inset in Fig. 2(c). The experimentally measured axial resolution was 0.97 µm in air. 

3.2 In vivo images of human retina by vis-OCT 

A healthy volunteer (OD, + 3.0 Diopter) was imaged with our vis-OCT/SLO system. All the 
images were post-processed by median filtering and histogram specification to remove noise 
and maximize contrast [25]. Figure 3 shows the imaging result at the macular region. Figure 
3(a), 3(b) are en face SLO and vis-OCT images, respectively. All the original images from 
Figs. 3(a)-3(d) consisted of 512 × 512 pixels. In the SLO image, the fovea appears as the 
central dark area, which is surrounded by hyper-reflectance of the macula. In both SLO and 
OCT images, specular reflection can be visualized in the center of the large blood vessels. We 
also took images on 10° × 10° field of view centered at the fovea. To better visualize the finer 
vascular details, we cropped out the center 5° × 5° field of view as shown in Figs. 3(c) and 
3(d). The original images with 10° × 10° field of view were attached as Appendix 1. In both 
SLO and vis-OCT images, retinal capillaries surrounding the fovea can be visualized. Figure 
3(e) is a single B-scan consisting of 2048 A-lines taken from the location highlighted by the 
dashed line in Fig. 3(b). A total of 12 retinal layers can be recognized from the cross-section. 
The nerve fiber layer (NFL) on the temporal side of the fovea appears thicker than the nasal 
side. The inner retina shows weak scattering compared with the outer retina and the retinal 
pigment epithelium (RPE). 

Within the retina, relatively higher signal intensity is generated by the NFL, inner-
plexiform layer (IPL), and outer-plexiform layer (OPL). The layers containing cell nuclei, 
including ganglion cell layer (GCL), inner nuclear layer (INL), and outer nuclear layer (ONL) 
have lower signal. In the outer retina, the boundary between the photoreceptor inner and outer 
segment (IS/OS), the outer segment of photorecepteros (OS), and the RPE show similar back-
scattering power. Due to the submicron depth resolution, the Bruch’s membrane (BM) can be 
distinctly resolved. Little light penetrates through the RPE to the choroid due to the strong 
absorption of visible light by the RPE. We compared vis-OCT images with a commercially 
available NIR OCT system (Cirrus-HD-OCT, Carl Zeiss Meditec, Pleasanton, CA) from the 
same volunteer. The IS/OS, OS, and RPE layers appeared to have a higher contrast compared 
with the inner retinal layers in vis-OCT and compared with their corresponding outer retinal 
structures in NIR OCT (Fig. 3(e)). The zoomed-in details at RPE/BM in Fig. 3(e) and 3(f) 
were attached as Appendix 2. Figure 3(f) shows the averaged result of eight B-scans from the 
same location. Compared with the non-averaged B-scan (Fig. 3(f)), the noise is surpressed 
while some of the high spatial frequency features are smoothed out in the averaged image. 
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Fig. 3. SLO and vis-OCT images centered at the fovea. (a-b) En face images of SLO and vis-
OCT; (c-d) Contrast-adjusted images from the squared area in (a) and (b); (e) Cross-sectional 
vis-OCT image from the position highlighted in (b) with all anatomical structures labeled. 
ILM: Inner-limiting membrane; NFL: Neural fiber layer; GCL: Ganglion cell layer; IPL: Inner 
plexiform layer; INL: Inner nuclear layer; OPL: Outer plexiform layer; ONL: Outer nuclear 
layer; IS/OS: Inner/outer segment junction; OS: Outer segment of photoreceptor; RPE: Retinal 
pigmented epithelium; BM: Bruch’s membrane. (f) Single cross-sectional image using a 
commercial NIR-OCT system. (g) Averaged vis-OCT image from eight consecutive B-scans. 
The motion artifact was removed by aligning the adjacent B-scans. 
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Fig. 4. SLO and vis-OCT images centered at ONH. (a-b) En face images from SLO and vis-
OCT; (c-d) Contrast-adjusted images from the squared area in (a) and (b); (e) Cross-sectional 
vis-OCT image from the location highlighted in (b); Arrows points to the signal from blood 
within major retinal vessels. 

Figure 4 shows the imaging result around ONH from the same volunteer. Figure 4(a) and 
4(b) are en face images from SLO and vis-OCT (512 × 512 pixels). We also took scans within 
the squared area to better visualize the structural details. The optical focus of the temporal 
side of optic disk is moderately affected by the curvature of posterior eye. The fine features in 
the lamina cribrosa are observed on both imaging modalities. The texture of the nerve fibers 
can be clearly visualized on vis-OCT. Figure 4(e) shows the B-scan consisting of 2048 A-
lines extracted from the dashed line shown in Fig. 4(b). The normally increased thickness of 
NFL close to ONH is obvious. Strong absorption in the major retinal blood vessels and most 
of the smaller vessels creates shadows beneath them. Scattering from blood within the vessels 
also can be observed. 

The exquisite axial resolution is further demonstrated in Fig. 5. In the outer retina, the 
details of IS/OS, OS interdigitation zone, RPE, and BM are clearly distinguishable (Fig. 5(a)). 
Although the RPE melanin attenuates the visible light significantly, we can still obtain a 
signal from the choroid, which lies immediately beneath BM (Fig. 5(b)). In the NFL, the fine 
details of the structural texture can be visualized (Fig. 5(c)). The clear visualization of the 
outer retina may be attributed to the sub-micron axial resolution, and perhaps a better contrast 
between anatomical layers imaged by vis-OCT. Because retina is naturally designed to 
capture light within the visible-light spectral range, the commonly-believed increased light 
scattering due to short optical wavelength did not appear to degrade the resolution as can be 
observed in Fig. 5(b). 
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Fig. 5. (a) Cross-sectional vis-OCT image around ONH. The inset at the botton-right corner 
shows the en face vis-OCT image where the B-scan is taken from. (b-c) Magnified images 
from the squared areas in (a). Arrow points to the signal from the choriocapillaris immediately 
beneath Bruch’s membrane. The anatomical structures in the outer retina are labeled in (b). 

4. Discussion and conclusion 

In this work, we demonstrated the first human retinal imaging using vis-OCT guided by an 
integrated SLO. We characterized the detection sensitivity of vis-OCT to be 86 dB with 226 
µW illumination power on the pupil plane, and the axial resolution to be 0.97 µm measured in 
air. SLO was integrated by sharing the optical path in the sample arm for alignment purposes. 
Retinal images from a healthy volunteer were demonstrated with 20° × 20° and 10° × 10° 
FOV centered at both the fovea and optic nerve head. The anatomical features in vis-OCT 
were similar to NIR-OCT. Because human retina senses and reacts to visible light, the 
interlayer contrast in vis-OCT can be expected to be different from NIR-OCT. For example, 
we observed slightly less contrast from INL, IPL, ONL and OPL; and better separation of 
layers in outer segment of photoreceptors and BM. Thus, the existing segmentation methods 
of retinal layers may need to be modified for vis-OCT. Nonetheless, the explicit details of the 
anatomical structures by vis-OCT may be a beneficial supplement to existing clinical NIR-
OCT. 

The first demonstration of using supercontinuum light for vis-OCT was reported using a 
sub-10-fs Ti:sapphire laser to pump a photonic crystal fiber covering from 550 nm to 950 nm 
[26]. The system was built upon a time domain configuration (TD-OCT) with a free-space 
interferometry. Because of the speed limit of TD-OCT, in vivo vis-OCT system on retina was 
not reported until a SD-OCT configuration was adopted [27]. In this first SD-vis-OCT 
system, the visible light was generated by focusing a Ti: Sapphire laser through a frequency 
doubling crystal. The advantage of using frequency doubling crystal over supercontinuum 
light was the better power stability. However, the bandwidth was only ~10 nm which limited 
the axial resolution. Because of the limited bandwidth, a fiber-based interferometry was used 
where dispersion within the fiber was less influential. The most recent implementations of 
retinal vis-OCT were based on an advanced supercontinuum laser source with a free-space 
interferometry in SD-OCT configuration [19, 28, 29], including our previous system on 
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rodents and the human vis-OCT system being reported here. The supercontinuum light 
provided a broad bandwidth for submicron axial resolution, while the free-space 
interferometry minimized the dispersion. Because the free-space interferometry requires 
precise alignment and mechanical stability, in our presented system, we mounted all the 
optical components on a stationary breadboard and moved the subject’s head by a 
translational chinrest. Another technical improvement in this system is the integration of 
SLO, which provided real-time fundus image as a guidance to facilitate optical adjustment. 

A major concern for the application of vis-OCT in human retinal imaging is laser safety. 
In this study, the incident power on the pupil was controlled at 226 µW, more than ten times 
less than the laser safety level calculated for continuous exposure for two hours [30]. There 
are also several mechanisms designed to prevent excessive exposure: we installed a motorized 
beam shutter, which only allows the beam to pass when the imaging session is on; when the 
imaging session is off, the galvonometer mirrors deflect any possible beam to a dumper. 

There are also several practical considerations when applying vis-OCT in clinical settings. 
One question is whether the visible laser beam will affect retinal physiology, particularly 
when using vis-OCT to perform quantitative measurements such as blood flow and sO2. It has 
been found that both flow and retinal metabolism change when the retina transitions from 
dark adaptation to light or under flicker stimulation [31–33]; however, we do not expect such 
changes to occur when the retina has already been light-adapted [34, 35]. The additional 
exposure from vis-OCT is unlikely to change the physiological condition of the eye, thereby 
underscoring the importance of ensuring the patient’s eye is light-adapted before vis-OCT 
imaging. The other practical concern is the distracting nature of the scanned visible-light OCT 
beam when the eye is focused on the fixation target. Currently, we used the fellow eye for 
fixation because the two eyes shared the same focus. Although it did not affect the data 
acquisition for multiple B-scans at a same location, it could be challenging to image a large 
field of view centered at the fovea, especially in patients with less stable fixation. Another 
solution is to integrate an invisible OCT channel for alignment purposes, with the vis-OCT 
channel turned on only at the time of data acquisition. 

In summary we have demonstrated the feasibility and safety of the vis-OCT system in 
human retinal imaging. Further refinements of the technology and addressing the remaining 
technical issues are underway. We have shown the distinct differences between vis-OCT and 
NIR OCT, such as increased visibility of the outer retinal structures, including a distinctly 
visible BM, and increased scattering within the blood vessels and denser shadows beneath 
them. These differences will be harnessed in vis-OCT to improve our understanding of the 
pathophysiology of the various retinal layers in health and diseases. 
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Appendix 1: 

 

Fig. 6. Original 10° × 10° field of view images. (a-d) original images for Fig. 3(c), 3(d) and 
Fig. 4(c), 4(d). 
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Appendix 2: 

 

Fig. 7. Magnified images of RPE/BM structures from vis-OCT and NIR OCT. (a-b) Replots of 
Fig. 3(e) and 3(f). (c-d) 4x magnified images from the squared areas in (a) and (b). 
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